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Adult neurogenesis in the mammalian brain occurs in two regions, subventricular zone (SVZ) and dentate 
gyrus (DG) in the telencephalon. In the both area, radial glia-like astrocytes serve as neural stem cells. 
Several aspects of adult neurogenesis, such as neural stem/progenitor cell proliferation, survival of newborn 
neurons, are regulated by extrinsic stimuli. Odor discrimination learning enhance survival of newborn 
neurons in SVZ. Enriched environment and voluntary running enhance cell proliferation in DG. However, 
molecular mechanisms that regulate adult neurogenesis are poorly understood. 
The adult teleost brain grows throughout life and maintains high neurogenesis capacity. This 
phenomenon is supported by proliferating cells which reside in various regions of the adult teleost brain. In 
the telencephalon and cerebellum of adult zebrafish brain, molecular characteristics of neural stem cells and 
their cell lineage are previously revealed (Adolf et al., 2006; Ganz et al., 2009; Kaslin et al., 2009). In the 
telencephalon, radial glial cells give rise to neuroblasts which migrate to the olfactory bulb and differentiate 
to GABAergic and TH-positive neurons, the phenomena resemble to adult neurogenesis in the mammalian 
SVZ. In the cerebellum, neuroepithelia-like cells function as neural stem cells and give rise to neurons in 
granule cell layer. These studies also demonstrated that the FGF signaling is involved in the regulation of 
neural stem/progenitor cell proliferation in the adult telencephalon and cerebellum.  
The optic tectum is the visual center of teleost brain. It is demonstrated that cell proliferation in the 
adult teleost optic tectum correlates with optic nerve innervation to the tectum (Raymond et al., 1983). Thus, 
teleost optic tectum is a suitable model to study activity-dependent adult neurogenesis. I previously revealed 
that in the adult zebrafish optic tectum, most of the proliferating cells are located in the periventricular gray 
zone (PGZ). PGZ is largely divided into 3 regions: marginal mitotic region and 2 post-mitotic regions—the 
superficial and deep layers. These regions are distinguished by the differential expression of several marker 
genes: pcna, sox2, msi1, elavl3, gfap, and fabp7a. Bromodeoxyuridine (BrdU)-positive proliferating cells 
reside in marginal mitotic region, in which pcna and neural stem cell markers, sox2 and msi1, are expressed. 
I also found new-born cells gradually change their location from mitotic region to elavl3-positive superficial 
layer or gfap and fabp7a-positive deep layer. However, two important characteristics of neural stem cells, 
multiple cell lineages and self-renewal, were not demonstrated in this previous study, and the signal 
molecules which are involved in these events were also not known.  
In this study, I clearly demonstrated that BrdU-positive proliferating cells in marginal mitotic region 
express neural stem cell markers Sox2 and Msi1 at cellular level. These proliferating cells maintain 
apicobasal polarity and did not express glial markers, such as GFAP, BLBP, S100. Thus, I concluded the 
proliferating cells in the PGZ margin are neural stem cells with neuroepithelia-like characteristics. BrdU 
pulse labeling experiment revealed that the neuroepithelia-like neural stem cells were multipotent and 
self-renewing in vivo. By fluorescent in situ hypridization, I also showed that some of FGF, Shh, and Wnt 
ligands and receptors were expressed in the marginal mitotic region, radial glial cells, and mature neurons 
in the PGZ of the adult zebraifish optic tectum. 
This doctoral dissertation is divided into 6 chapters. In chapter 1, the background of this research 
and summary of the results were described. As the background, I briefly explained adult neurogenesis in 
mammalian brain and teleost brain. Then, the structure and function of optic tectum as the visual center in 
the teleost brain were described. Next, the advantage of teleost optic tectum as a model to study adult 




of this chapter, I briefly summarized the results of this research. 
The results of this research were described and discussed in chapter 2 to chapter 4. In chapter 2, 
proliferating cells in the optic tectum were characterized as neuroepithelia-like neural stem/progenitor cells. 
First, proliferating cells were labeled with thymidine analog BrdU and distribution of the proliferating cells 
in the adult zebrafish optic tectum was revealed by serial section of the brain. BrdU-positive proliferating 
cells were localized in the margin of PGZ, deepest layer of the optic tectum, along rostrocaudal axis. 
Especially, the BrdU-positive proliferating cells were abundant in caudal side of the optic tectum. Next, I 
examined expression of neural stem cell markers, Sox2 and Msi1, in PGZ of the adult zebraifsh optic tectum 
with immunohistochemistry. I found the proliferating cells express both Sox2 and Msi1. To elucidate 
whether the proliferating cells have radial glial or neuroepithelia-like characteristics, I examined expression 
patterns of glial markers and apical markers in PGZ of the adult zebrafish optic tectum. I demonstrated that 
BrdU-positive cells in the PGZ margin did not exhibit glial properties, but maintained neuroepithelial 
characteristics. In addition, using transgenic zebrafish Tg (gfap:GFP), I demonstrated that the deep layer 
cells specifically express gfap:GFP and have radial glial morphology. Interestingly, these radial glial cells in 
the deep layer express neural stem cell markers, Sox2 and Msi1. These results suggested that 2 types of 
neural stem/progenitor cells, neuroepithalia-like cells and radial glial cells, coexist in the adult zebrafish optic 
tectum. 
Multipotency and self-renewal of neuroepithelia-like neural stem cells were shown in chapter 3. 
Pulse-chase experiments of BrdU-positive cells revealed that, from 2 weeks to 1 month post-BrdU 
administration, most of the BrdU-positive cells differentiated into glutamatergic or GABAergic neurons and 
oligodendrocytes in the superficial layer and radial glial cells in the deep layer of PGZ. At 1 month post-BrdU 
administration, a small population of the BrdU-positive cells still resided in PGZ margin and co-expressed 
mitotic marker, phospho-Histone H3. This result revealed the presence of the slow dividing neural stem cells 
within the margin of PGZ mitotic region in the adult zebraifsh optic tectum. These results demonstrated 
that neuroepithelia-like neural stem cells in the PGZ margin are self-renewing and multipotent in vivo. 
These neuroepithelia-like cells may contribute to the lifelong growth of the teleost optic tectum.  
In chapter 4, I examined the expression patterns of FGF, Shh, and Wnt ligands and receptors in PGZ 
of the adult zebrafish optic tectum by in situ hybridization to address which signaling pathways may be 
involved in neurogenesis in the adult zebrafish optic tectum. Several studies demonstrated that FGF, Shh, 
and Wnt signals regulate several aspects of adult neurogenesis in the mammalian brain. FGF signal 
regulate neural precursor proliferation in SVZ (Wagner et al., 1999). Shh signal regulates neural stem cell 
maintenance in DG (Han et al., 2008). Wnt signal regulate neuronal differentiation in DG (Lie et al., 2005). 
In PGZ of the adult zebrafish optic tectum, FGF ligands and receptors, fgf13a, fgf13b, fgfr1a, fgfr2, fgfr3; Shh 
ligands and receptors, shha, smo, ptch1, ptch2; Wnt ligands and receptors,wnt3, wnt3a, fzd6, fzd7b, and 
fzd10 were expressed. FGF ligands, fgf13a and fgf13b, were specifically expressed in the superficial layer. 
Among FGF receptors, fgfr1a and fgfr3 were ubiquitously expressed in PGZ, and fgfr2 was specifically 
expressed in the margin and deep layer. Shh ligand, shha, was ubiquitously expressed in the PGZ. Shh 
receptors, ptch1 and smo were specifically expressed in the margin and deep layer, and ptch2 was specifically 
expressed in the deep layer. Wnt ligands, wnt3 and wnt3a, were specifically expressed in the margin and 




specifically expressed in the PGZ margin and fzd10 was specifically expressed in the margin and deep layer 
of PGZ. Combining with previous studies on adult neurogenesis in the mammalian brain, these results 
suggested that FGF, Shh, and Wnt signals may respectively regulate proliferation, maintenance, and 
neuronal differentiation of neural stem/progenitor cells in the adult zebrafish optic tectum. 
The results of this research were discussed in chapter 5. One intriguing phenomenon about 
neurogenesis in the adult teleost brain is its high regenerative capacity. In the previous chapters, I 
hypothesized the existence of 2 types of neural stem cells, neuroepithelia-like neural stem cells and radial 
glial cells in the adult zebrafish optic tectum. In this study, however, proliferation and differentiation of radial 
glial cells in the adult zebrafish optic tectum were not observed. I assumed that the radial glial cells were in 
quiescent state in the intact brain. Recently, Kroehne et al. demonstrated that telencephalic radial glia-type 
neural progenitor contribute to regeneration after telencephalic lesion (Kroehne et al., 2011). Regeneration of 
the optic tectum was also observed after the optic tectum lesion in juvenile teleost (Richter 1965). Moreover, 
several studies showed the involvement of FGF, Shh and Wnt signal in regenerative neurogenesis after 
seizures or ischemic injury (Piccin and Morshead, 2011; Sims et al., 2009; Yoshimura et al., 2001). Thus, the 
radial glial cells in the adult zebrafish optic tectum may contribute to regeneration after optic tectum injury, 
and FGF, Shh, Wnt signal may be involved in regenerative adult neurogenesis in the zebrafish optic tectum. 
Another intriguing phenomenon on neurogenesis in the adult teleost brain is activity-dependent adult 
neurogenesis. Previous studies demonstrated that optic nerve reinnnervation enhances proliferation of 
marginal mitotic cells and also radial glial cells in the adult goldfish optic tectum (Raymond et al., 1983; 
Stevenson and Yoon, 1981). These studies raised the possibility that proliferation of both neuroepithelia-like 
neural stem cells and radial glial cells are the subjects of activity-dependent regulation. The FGF, Shh and 
Wnt signals may serve as mediators between optic fiber innervation and neurogenesis in the adult zebrafish 
optic tectum. However, correlation between expression of FGF, Shh and Wnt signal-related molecules and 
optic fiber innervation remains to be elucidated. 
In chapter 6, future prospect and conclusion were described. This study demonstrated the presence 
of neuroepithelia-like neural stem cells in PGZ margin and radial glial cells which express neural stem cell 
markers in the deep layer of PGZ in adult zebrafish optic tectum. However, stemness of the radial glial cells 
in the deeper layer and their contribution of the optic tectum maintenance remain to be explained. I 
generated transgenic line Tg(gfap:GFF), in which Gal4FF are expressed in the glial cell lineage of the 
zebrafish central nervous system in the embryonic and the adult stage. In combination with the UAS strains, 
this strain allows to express any given genes in the glial cell-specific manner. I also established the 
electroporation-mediated gene manipulation method in the adult zebrafish optic tectum. These methods 
enable manipulation of gene expression in the radial glial cells of adult zebrafish optic tectum. 
 In this thesis, I demonstrated neuroepithelia-like neural stem cells in PGZ margin have 
multipotency and capacity of self-renewal in the adult zebrafish optic tectum. This study also revealed that, 
in the PGZ of adult zebrafish optic tectum, some of FGF, Shh and Wnt ligands and receptors are expressed 
in and surrounding of neural stem cells. These findings, research tools and methodologies I developed will 
contribute to further analysis to reveal molecular mechanisms of proliferation and differentiation of neural 





早稲田大学 博士（理学） 学位申請 研究業績書 
 
氏 名   伊藤 容子  印 
（２０１１年１１月 現在） 







Characterization of neural stem cells and their progeny in the adult zebrafish optic 
tectum. (2010) Ito Y, Tanaka H, Okamoto H, and Ohshima T. Dev. Biol. 342, 26-38. 
 
Expression patterns of FGF, Wnt, Shh, Notch signal-related genes in the adult 
zebrafish optic tectum. 第 34 回日本分子生物学会年会, 1T7pII, 1P-0432, 横浜. (2011
年 12 月予定). Ito Y, Dozawa M, Tanaka H, and Ohshima T. 
 
Expression patterns of FGF, Wnt, and Shh signal-related genes in the adult zebrafish 
optic tectum. 第 33 回日本分子生物学会年会・第 83 回日本生化学会大会 合同大会, 
2P-0711, 神戸. (2010 年 12 月). Ito Y, Tanaka H, O and Ohshima T. 
 
Characterization of neural stem cells and their progeny in the adult zebrafish optic 
tectum. 9th International Zebrafish Genetics and Development. Wisconsin, USA. 
July (2010). Ito Y, Tanaka H, Okamoto H, and Ohshima T. 
 
Characterization of neural stem cells in the adult zebrafish optic tectum. 第 32 回日本
分子生物学会年会, 2P-0663, 横浜. (2009 年 12 月). Ito Y, Tanaka H, Okamoto H, and 
Ohshima T. 
 
 
